
Ferroptosis, a Recent Defined Form of Critical Cell Death in Neurological
Disorders

Jia-rui Wu1
& Qing-zhang Tuo2

& Peng Lei1,2

Received: 18 July 2018 /Accepted: 6 August 2018 /Published online: 25 August 2018
# Springer Science+Business Media, LLC, part of Springer Nature 2018

Abstract
Ferroptosis is a recently defined form of cell death with the involvement of iron and reactive oxygen species (ROS), which is
distinct from apoptosis, autophagy and other forms of cell death. Emerging evidence suggested that iron accumulation and lipid
peroxidation can be discovered in various neurological diseases, accompanied with reduction of glutathione (GSH) and gluta-
thione peroxidase 4 (GPX4). In addition, ferroptotic inhibitors have been shown to protect neurons, and recover the cognitive
function in disease animal models. This review summarizes the mechanisms underlying ferroptosis and reviews the contributions
of ferroptosis in neurodegenerative diseases (i.e. Alzheimer’s disease and Parkinson’s disease), traumatic brain injury, as well as
hemorrhagic and ischemic stroke, to provide the current understanding of this novel form of cell death in neurological disorders.
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Introduction

Ferroptosis is an iron-dependent form of regulated cell death
which is distinct from apoptosis, classic necrosis, autophagy
and other forms of cell death (Dixon et al. 2012). It is charac-
terized morphologically by the vanishing of mitochondria
membranes. Increasing evidence indicates that ferroptosis is
associated with reduced detoxification of lipid peroxides by
glutathione peroxidase 4 (GPX4). In addition, peroxidation of
polyunsaturated fatty acids (PUFAs) was also considered a
key driver of ferroptosis (Kagan et al. 2017). Oxidation of
PUFAs by lipoxygenases (LOX) leads to the accumulation
of peroxides that may contribute to the generation of lipid
peroxide breakdown products (Yang et al. 2016), and conse-
quently results in the release of lipid death signals that prop-
agate ferroptotic cell death. The current understanding of
ferroptosis pathways is illustrated in Fig. 1.

Recent discoveries have revealed a close connection be-
tween ferroptosis and neurological disorders, including neu-
rodegenerative diseases and brain damage. Inhibitors of

ferroptosis, such as ferrostatins-1 and liproxstatins-1, are pro-
tective in models of degenerative brain disorders, including
Parkinson’s disease, as well as ischemic and hemorrhagic
stroke (Do Van et al. 2016; Li et al. 2017; Tuo et al. 2017;
Zille et al. 2017). Therefore, the optimization of existing in-
hibitors or the development of novel inhibitors of ferroptosis
could be a potential approach for these neurological diseases.

Role of Iron in Ferroptosis

Iron is essential for the execution of ferroptosis, since iron
chelators such as deferoxamine (DFO), ciclopirox (CPX),
and 2,2-bipyridyl (2,2-BP) can rescue erastin- and RSL3-
induced ferroptosis (Yang and Stockwell 2008; Dixon et al.
2012). Moreover, ferroptosis induced by erastin or RSL3 is
prevented by shRNA knockdown of TFRC, which encodes
the transferrin receptor protein 1 (TfR1) required for iron im-
port (Yang and Stockwell 2008; Gao et al. 2015). Conversely,
adding iron-bound transferrin or a bioavailable form of iron
(e.g., ferric ammonium citrate, ferric citrate, iron chloride
hexahydrate), but not other divalent transition metal ions
(such as Cu2+, Mn2+, Ni2+, and Co2+), potentiated erastin-
induced ferroptosis (Dixon et al. 2012; Gao et al. 2015).

How iron promotes ferroptosis inside the cell remains un-
clear. Generally it is believed that iron promotes ferroptosis by
donating electrons to oxygen to form ROS (Stockwell et al.
2017). On the other hand, iron is also an important component
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of the catalytic subunit of LOX. The iron-dependent LOX
enzymes catalyze site-specific oxidation of PUFAs such as
arachidonic acid, and are directly inactivated by lipophilic iron
chelators (e.g. CPX, 2,2-BP) (Barradas et al. 1989;
Abeysinghe et al. 1996; Kuhn et al. 2015). DFO is a mem-
brane impermeable iron chelator that accumulates in the lyso-
some through endocytosis (Barradas et al. 1989), suggesting
that lysosomal iron may also be involved in ferroptosis.

Role of Glutathione in Ferroptosis

The uptake of cystine by glutamate/cysteine antiporter (sys-
tem xc

−), consisting of a 12-pass transmembrane protein trans-
porter solute carrier family 7 member 11 (SLC7A11) and a
single-pass transmembrane regulatory protein solute carrier
family 3 member 2 (SLC3A2), was inhibited in erastin-
induced ferroptosis (Dixon et al. 2012). Therefore, inhibition
of system xc- results in the depletion of the intracellular cys-
teine pool (Dixon et al. 2012). Cysteine plays a significant

roles in cells, and in the context of ferroptosis it acts as a
building block for the biosynthesis of glutathione (GSH).

GSH is required for the lipid repair function of GPX4 as its
substrate. Depletion of GSH through cysteine starvation leads
to loss of GPX4 activity, resulting in accumulation of
unrepaired lipid peroxides and ferroptosis (Friedmann
Angeli et al. 2014). GPX4 converts reduced GSH to oxidized
glutathione (GSSG) to reduce lipid hydroperoxides to their
corresponding alcohols or free hydrogen peroxide to water
(Gaschler et al. 2018). Selenium (Se) is a key regulator of
GPX4 activity. Selenium-containing wild-type GPX4 effi-
ciently reduces peroxides to their corresponding alcohols,
therefore preventing ferroptotic cell death (Ingold et al.
2018). On the other hand, a redox inactive selenium cysteine
to serine substitution in GPX4 does not rescue early embry-
onic lethality as reported for GPX4−/− mice (Ingold et al.
2015), suggesting that its redox activity is essential to GPX4
cellular function.

GSH is also the natural ligand for Fe2+ in the labile iron
pool (LIP), which is an exchangeable pool of loosely ligated
iron within neurons (Hider and Kong 2011). GSH binds to

Fig. 1 Molecular pathways involved in ferroptosis. The mechanism
summary of occurrence and regulatory function of ferroptosis
(Stockwell et al. 2017). Transferrin receptor 1 (TfR1) binds transferrin
together to form a complex for ferric iron (Fe3+) uptake. Because of the
ferrireductase activity of STEAP3, Fe3+ is reduced to ferrous iron (Fe2+)
in the endosome. Then, divalent metal transporter 1 (DMT1) translates
Fe2+ to a labile iron pool from endosome. Maintenance of iron
homeostasis is dependent on the ferroportin and ferritin. Fe2+ export is
mediated by ferroportin that is an iron efflux pump on the cell membrane.
Ferritin is a protein for excess iron storage. On the one hand, Fe2+

produces lipid ROS through Fenton reaction, and on the other hand, it
catalyzes lipid peroxidation by combining with LOXs (Shintoku et al.
2017). Iron chelators like DFO, CPX and 2,2-BP can inhibit ferroptosis
(Barradas et al. 1989; Abeysinghe et al. 1996). Lipoxygenase inhibitors

such Baicalein, Vitamin E, ML351 and Zileuton can depress LOXs
activity to rescue cells from ferroptosis (Kagan et al. 2017; Tuo et al.
2017). Fer-1 and Lip-1 inhibit radical-trapping antioxidants (RTAs)
which activate LOXs to prevent ferroptosis in cells (Dixon et al. 2012).
A class of ferroptosis inducers such as erastin, glutamate, and
sulfasalazaine reduce the concentration of intracellular cystine by
inhibiting system xc-, which leads to a decline in GSH content
(Stockwell et al. 2017). GPX4 can be combined with GSH to
alcoholize lipid peroxides in cells, and then prevent the occurrence of
ferroptosis (Gaschler et al. 2018). Another type of ferroptosis inducer
RSL3 inhibits activity of GPX4 to reduce the alcoholization of lipid
peroxides which cause ferroptosis (Dixon et al. 2012; Gaschler et al.
2018)
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Fe2+ in the LIP to prevent iron oxidation, which not only
maintains solubility of Fe2+ (Fe3+ is highly insoluble), but also
prevents Fe2+ acting as a catalyst for the production of the
potent oxidant, the hydroxyl radical, from physiologically
available hydrogen (Hider and Kong 2011). Thus, direct inhi-
bition of GSH synthesis would trigger ferroptosis.

Role of Lipid Peroxidation in Ferroptosis

Lipid metabolism is also closely associated with
ferroptosis. Nitrogen oxides (NOXs) provide an accumula-
tion source of ROS in erastin-induced ferroptosis, which
has been reported to adjust the sensitivity to erastin in
tumor cells (Dixon et al. 2012). On the other hand, the
production of cell membrane lipid peroxide is also the
source of ROS, which drives ferroptosis. The abundance
and location of polyunsaturated fatty acids (PUFAs) deter-
mine the degree of lipid peroxidation that occurs in the
cell and thus the extent of the ferroptosis effect. The most
susceptible lipid is polyunsaturated-fatty-acid-containing
phospholipids (PUFA-PLs) which can drive the subsequent
cell death (Doll et al. 2017). And free PUFAs need to be
esterified to form membrane phospholipids and oxidized
into ferroptotic signals to synthesize lipid signaling, espe-
cially phosphatidylethanolamine (PE)-containing phospho-
lipids with arachidonate or adrenate moieties (Kagan et
al. 2017). In membrane lipid environments, PUFAs are
specifically peroxidized in ferroptosis (Doll et al. 2017;
Kagan et al. 2017). There are three well-defined classes
of lipid oxidation enzymes: cyclooxygenases (COXs), cy-
tochrome p450 (CYPs), and LOXs, among which LOX
enzymes have been found to be the most important for
ferroptosis. LOXs are a family of nonheme, iron-
containing enzymes that catalyze deoxygenation of
PUFAs (Shintoku et al. 2017). The mechanism of LOXs
in ferroptosis still remains elusive; yet several LOX inhib-
itors can protect MEFs and pancreatic cancer cells from
erastin (Shintoku et al. 2017).

Some genes involving the synthesis of fatty acids en-
sure sufficient membrane lipid PUFA production to facili-
tate ferroptosis for subsequent lipid peroxidation and ROS
production (Kagan et al. 2017). Enzymes encoded by cor-
responding genes such as acyl-CoA synthetase long-chain
family member 4 (ACSL4) and lysophosphatidylcholine
acyltransferase 3 (LPCAT3) are involved in the biosynthe-
sis and remodeling of polyunsaturated fatty acid-PEs in
cellular membranes, preventing the ferroptosis induced by
the inhibition of GPX4 (Doll et al. 2017). Deletion of
ACSL4 and LPCAT3 results in resistance to ferroptosis
in RSL3 and ML162-induced KBM7 cells or in mammals
(Stockwell et al. 2017).

Ferroptosis in Neurological Disorders

Ferroptosis, as a way to promote cell death, may be implicated
in a number of diseases, including cancer and neurological
disorders. Several reviews already provided comprehensive
summaries to place ferroptosis as one of the major cell death
forms involved in disease (e.g. Stockwell et al. 2017). Based
on the ‘Metal Theory’ for neurodegeneration (Ayton et al.
2013), a couple of groups recently have tested the hypothesis
that ferroptosis may be the cell death form of neurons during
the disease progression, and the relevant evidence is summa-
rized in Table 1.

Alzheimer’s Disease

Alzheimer’s disease (AD) is the most common neurodegener-
ative disease characterized by progressive cognitive impairment
as well as pathological plaques and tangles in the brain.
However, there is no effective means to delay the progression
of the disease nor to prevent the occurrence of disease despite
over 100 years of research since its discovery, and it is still
under debate about the importance of these pathological hall-
marks in disease. On the other hand, dyshomeostasis of metals
such as iron have been suggested to be responsible for the
neuronal death in the disease, triggered by the formation of
tangles and plaques. The brain MRI scans of AD patients re-
vealed elevated iron in the areas of the brain affected by AD,
such as severely damaged hippocampus (Raven et al. 2013).
Accumulation of iron in hippocampus and cerebral cortex is co-
localized with typical AD pathology (Ayton et al. 2015a), and
iron can advance the accumulation and/or aggregation of the
Aβ and tau (Adeghate and Parvez 2000; Yamamoto et al.
2002). Amyloid precursor protein (APP) and tau collaborative-
ly facilitate the export of iron, and their deficits in AD were
suggested responsible for iron accumulation in AD (Duce et al.
2010; Lei et al. 2012, 2017; Li et al. 2015).

Iron accumulation induces the ROS production in the brain
of AD, which is significantly higher than in healthy control
brains (Ayton et al. 2015b). Oxidative stress facilities the neu-
rotoxic oligomerization process of Aβ and tau tangles (Lane et
al. 2018). The neuronal death involved in the process can now
be explained by ferroptosis. The guanine-rich RNA sequence
binding factor 1 (GRSF1), which controls the translation of
GPX4, was downregulated in Alzheimer’s disease mice (Yoo
et al. 2010). Knocking out GPX4 in mice directly resulted in
age-dependent neurodegenerative changes and significant neu-
ronal loss, which was obviously worsened after feeding a vita-
min E deficient diet (Hambright et al. 2017). Both GPX4 and
vitamin E are endogenous ferroptosis inhibitors, and the fact
that ablation of GPX4 in forebrain neurons resulted in cognitive
impairment and hippocampal neurodegeneration in Gpx4 brain
inducible knockout (Gpx4BIKO) mice, is consistent with AD
pathology (Hambright et al. 2017). Moreover, in vitro studies
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have found that GSH depletion increased neuronal death in
neurons isolated from aged 3xTg-AD neurons (Ghosh et al.
2014). Se, a key regulator of GPX4 activity, is crucial to the
brain but it may be potentially neurotoxic, depending on dosage
and speciation; and Se deficiency is considered to be related to
cognitive impairment and AD pathologies (Chmatalova et al.
2017; Vinceti et al. 2017).

Therapeutically, iron chelator has already trialed in AD
previously (Crapper McLachlan et al. 1991), and a random-
ized, multi-center, double-blind, placebo-controlled Phase IIa
trial using deferiprone for AD is currently ongoing in
Melbourne (Deferiprone to Delay Dementia, the 3D study).
In mice, means to regulate ferroptosis were tested for AD. For
example, α-Lipoic acid (LA) (a natural coenzyme factor as

Table 1 Summary of current links between ferroptosis and neurological diseases

Neurological
disease

Iron pathology In vivo evidence In vitro evidence

Alzheimer’s
Disease
(AD)

Neuronal iron accumulation in the cortex
(Connor et al. 1992; Duce et al. 2010)

GSH content reduced in P301S transgenic
mice brains (Zhang et al. 2018)

GRSF1, which controls the translation of
GPx4, was downregulated in AD mice
with enriched lipid peroxidation (Yoo et
al. 2010).

GSH depletion increased neuronal death in
neurons isolated from aged 3xTg-AD
neurons (Ghosh et al. 2014)

Parkinson’s
Disease
(PD)

Neuronal iron accumulation in the
substantia nigra (SN) (Lei et al. 2012;
Ayton et al. 2015c)

GSH reduce in MPTP mouse model of PD
(Feng et al. 2014)

GSH depletion potentiates MPTP and MPP+
toxicity in nigral dopaminergic neurons
(Wullner et al. 1996)

MPP + −induced cell death was inhibited by
ferrostatin-1 (Ito et al. 2017)

Huntington’s
Disease

Iron accumulation in brain mitochondrial
(Agrawal et al. 2018)

GSH-Px knock-out mice were more sensi-
tive to 3-NP toxicity (Klivenyi et al.
2000)

Ferrotatin-1 prevented cell death in an
organotypic slice culture model of
Huntington’s disease (Skouta et al. 2014)

Amyotrophic
lateral
sclerosis
(ALS)

Iron accumulation in the motor cortex
(Kwan et al. 2012)

N/A Cellular levels of GSH decreased in mouse
NSC34 motor neuron-like cells (Chi et al.
2007)

Friedreich’s
Ataxia

Iron accumulation in the dorsal root
ganglia and the dentate nucleus
(Koeppen et al. 2011)

N/A Total glutathione levels (GSH+GSSG) are
decreased in frataxin-deficient cells (a yeast
model of Friedreich’s ataxia) (Auchere et
al. 2008)

FRDA neurons showed lower levels of GSH
(Codazzi et al. 2016)

Traumatic
brain injury

Brain iron accumulation (Ayton et al.
2014)

GPx activity decreased after TBI (Xu et al.
2014)

GSH decreased in head trauma model mice
(Di Fonzo et al. 2014)

N/A

Ischemic
stroke

Iron accumulation in the basal ganglia
(Dietrich and Bradley 1988)

Liproxstatin-1, Ferrostatin-1 prevented
ischemia-reperfusion injury of MCAO
mouse model (Tuo et al. 2017)

Increased lipid peroxidation with reduced
GSH levels in MCAO mice (Ahmad et
al. 2014)

GSH-Px activity decreased significantly in
PC12 during OGD (Liu et al. 2017)

Hemorrhagic
stroke

Serum ferritin, an iron storage protein,
was upregulated after ICH
(Mehdiratta et al. 2008; Perez de la
Ossa et al. 2010)

Fer-1 rescues degenerating neurons,
diminishes injury volume, and corrects
neurologic deficit after ICH in vivo (Li et
al. 2017)

Fer-1 inhibits Hb-induced neuronal death in
organotypic hippocampal slice cultures (Li
et al. 2017)

Fer-1 inhibits ferrous iron–induced neuronal
death in OHSCs (Li et al. 2017)

Chemical inhibitors of ferroptosis protected
against hemoglobin- and hemin-induced
toxicity in primary cortical neurons (Zille et
al. 2017)

Periventricular
Leukomala-
cia (PVL)

Iron deposition in thalamus and basal
ganglia in neonates and infants with
severe perinatal asphyxia (Baenziger
et al. 1993)

PVL rats exhibited reduced plasma and
tissue GSH (Izzet et al. 2005)

Ferrostatin-1 prevented cell death in an OL
culture model of PVL (Skouta et al. 2014)

Premature oligodendrocytes (OLs) were more
sensitive to GSH depletion-induced cell
death (Back et al. 1998)
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antioxidants and iron chelators) was shown to block P38 and
ensure normal expression of GPX4, therefore counteract neu-
rotoxicity and cognitive dysfunction, and mice behavioral
tests demonstrated that spatial memory and cognitive ability
of LA-treated P301S tau transgenic mice was significantly
better than control-feed mice (Zhang et al. 2018).
Furthermore, GSH content increases after N-acetylcysteine
(NAC) [NAC (200 mg/kg) was intraperitoneally (ip) injected
to mice for 7 days before testing] treatment while lipid oxida-
tion decreases in mice when intracerebroventricularly injected
with the aggregated amyloid β-peptide to produce AD phe-
notype (Fu et al. 2006). Supplementation with two organic
fo rms of Se , Se -enr i ched yeas t (Se -yeas t ) and
selenomethionine (Se-Met), could improve cognitive impair-
ment, reverse synaptic deficits and mitigate tau pathology in
triple-transgenic (3× Tg) AD mice (Zhang et al. 2017, 2018).

Parkinson’s Disease

Parkinson’s disease (PD) is the second most common neuro-
degenerative disease. Similar to AD, the most effective treat-
ment on the market for PD, L-dopa supplementation therapy,
is only symptomatic. The dominant pathological feature of PD
is the dopaminergic neuronal degeneration in substantia nigra
pars compacta (SNpc) where iron is particularly abundant
(Ayton and Lei 2014) as critical participants of tyrosine
hydroxylase-dependent dopamine synthesis and other dopa-
mine metabolism processes (Do Van et al. 2016; Belarbi et al.
2017). α-synuclein (α-syn) also has a IRE which implies a
potential role in iron regulation (Duce et al. 2017; Zhou and
Tan 2017). In the presence of copper catalyst, α-synuclein (α-
syn) has the potential of ferrireductase, which when combined
with Fe3+ and converted to Fe2+, incorporate with C-terminal
of α-syn (Davies et al. 2011). Iron also increases the rate ofα-
syn fibril formation, a major event in PD (Abeyawardhane et
al. 2018). The iron chelator DFP, which reduces oxidative
stress and increases dopamine activity to improve existing
motor neurological symptoms and reduce deterioration of mo-
tor function, has already been found to have neuroprotective
effects in patients with early PD (Do Van et al. 2016).

MPP + −induced SH-SY5Y (a frequently used Parkinson’s
disease model) cell line, which is not a cell programmed death,
has some similarities to ferroptosis: both involve lipid perox-
idation and can be inhibited by DIM and Fer-1 (a type of
radical-trapping antioxidants). It was shown that iron chelators
not only have an inhibitory effect on ferroptosis, but also
protect dopamine neurons from cell death (Ayton and Lei
2014). In addition, the study found that GSH reduced in
MPTP mouse model (Feng et al. 2014), and GSH depletion
potentiates MPP+ toxicity in nigral dopaminergic neurons
(Wullner et al. 1996). These studies suggested that ferroptosis
is involved in the dopamine neuron degeneration of PD.

Huntington’s Disease

Huntington’s disease (HD) is a progressive neurodegenerative
disease characterized by rapid involuntary movements and
cognitive impairment that ultimately leads to death, which is
caused by expansion of CAG repeats in the huntingtin (HTT)
gene. HD is pathologically featured by iron accumulation as
well as abnormal levels of glutamate and glutathione (Skouta
et al. 2014; Agrawal et al. 2018). It was also reported that HD
patients have lower GSH content in plasma samples (Klepac
et al. 2007), and lower GPX activity in erythrocyte, linking
ferroptosis with HD. A HD mouse model, with mice treated
with nitropropionic acid, also showed a reduction in overall
(cytoplasmic and mitochondrial) GSH reduction and inhibited
glutathione S-transferase (GST) function in hippocampus and
cortex, accompanied by its HD phenotype (Klivenyi et al.
2000).

Although the underlying mechanism for the neurodegener-
ation caused by the mutant huntingtin protein remains unclear,
the ability of huntingtin to induce oxidative damage has been
demonstrated. One study found that Fer-1 treated at 10 nM,
100 nM, and 1 μM protects neurons which are marked with
yellow fluorescent protein (YFP), and induced the cell death
by expression, via biolistic transfection, of a huntingtin (htt)
exon 1 fragment with a pathogenic repeat (73Q) (mN90Q73).
And the number of medium spiny neurons (MSNs) was sig-
nificantly increased compared with the control group (Skouta
et al. 2014). Besides, iron chelator DFO provides a protective
effect in R6/2 mice (HD mice model) (Yang et al. 2016).

Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative
disease which affects motor neurons in cortex, spinal cord
and brainstem, and its clinical presentations include progres-
sive atrophy and weakness of the limbs and trunk muscles.
The mechanism of ALS remains unidentified, and cure of the
disease is not yet available. Of note, spinal cord iron accumu-
lation has been reported in mouse models of ALS, mutant
SOD1G37R, SOD1G86R and SOD1G93A mice (Golko-Perez et
al. 2017). In human ALS, high-resolution MRI revealed iron
accumulation in motor cortex in vivo and in autoptic brain, in
the latter confirmed by iron histochemistry (Kwan et al. 2012).
Besides, lipid peroxidation was significantly increased in the
erythrocytes of ALS patients while GSH content was lower
than control (Babu et al. 2008; Johnson et al. 2012), and sim-
ilar results also appeared in ALS mice (Mathews and Leiter
1999). It was also reported that depletion of GSH promotes
the motor neuron degeneration in ALS. Furthermore, motor
neurons in ALS are sensitive to GPX4 knockout-induced cell
death (Conrad et al. 2018), suggesting a direct involvement of
ferroptosis in ALS pathogenesis.
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Friedreich’s Ataxia

Friedreich’s Ataxia (FRDA) is an autosomal recessive neuro-
degenerative disease characterized by ataxia, areflexia and
loss of vibratory and position sense. The most common cause
of FRDA is trinucleotide amplification of GAA in the gene
encoding frataxin, which is associated with iron accumulation
in mitochondria. Besides, FRAD neurons showed higher LIP,
increased ROS and lower reduced GSH levels, and enhanced
sensitivity to oxidants compared with control neurons
(Koeppen et al. 2011; Codazzi et al. 2016). Analysis of a yeast
FRDA model lacking the fragment of frataxin showed a
marked increase in GPX4 activity with reduction in NADPH
levels, which therefore limited the ability of glutathione reduc-
tase (GR) to recycle GSSG to GSH (Auchere et al. 2008;
Johnson et al. 2012). Furthermore, there are preliminary ex-
periments suggesting that patients with FRDA suffer a distur-
bance of GSH homeostasis and modifications of GSH-
dependent antioxidant (Napoli et al. 2006). These results in-
dicate that ferroptosis at least casually links with FRDA, and
further research to support such hypothesis is needed.

Traumatic Brain Injury

Traumatic brain injury (TBI) is acknowledged as high mortal-
ity rate and complicated situations of patients who survive the
injury. These complications result in the economic burden of
society and influence the quality of life of the individuals and
families. Iron is considered to contribute to various pathways
of secondary injury after brain trauma, including oxidative
stress and inflammation (Ayton et al. 2014; Ma et al. 2017).
Studies indicated that iron chelators such as DFO improved
cognitive function after TBI (Khalaf et al. 2018). Another
study showed remarkably enhanced generation of lipid perox-
idation products and depletion of GSH and ascorbate after
experimental TBI in rats (Bayir et al. 2002). There are also
studies which showed that GSH decreased in head trauma
model mice (Di Pietro et al. 2014), and GPx activity decreased
after TBI (Xu et al. 2014). Demonstration of the elevated
levels of 15-HpETE-PE, which contribute to ferroptosis in
the brain cortex and hippocampus after TBI, accompanied
by increased expression of 15LO2 (a catalyzer of the forma-
tion of pro-ferroptotic 15-OOH-eicosatetraenoic) and con-
sumption of GPX4 effectively indicated the possibility of
ferroptotic death in TBI (Wenzel et al. 2017).

Established ferroptosis inhibitors have not been tested in the
treatment of traumatic brain injury, yet studies discovered that the
N,N′-Di (2-hydroxybenzyl) ethylenediamine-N,N′-diacetic acid
monohydrochloride (HBED) could be a therapeutic tool as iron
chelator to facilitate the recovery process after TBI (Khalaf et al.
2018). Depressing the ability of PEBP1/15LO complex to syn-
thesize 15-HpETE-PE could provide a new way to anti-
ferroptosis after TBI (Wenzel et al. 2017).

Stroke

Stroke is the second leading cause of mortality worldwide and
is the most common cause of long-term disability including
dementia, and its incidence is expected to rise with the
projected increase in the aging population. Ischemic stroke
comprises 80% of all stroke events; however, only tissue plas-
minogen activator (tPA) was approved by FDA for ischemic
stroke treatment. tPA needs to be applied within three hours of
the onset of ischemic stroke (National Institute of
Neurological and Stroke rt. 1995), but these patients account
for less than 5% of the patients with ischemic stroke.
Therefore, additional stroke therapies are highly desirable.
Disturbance of brain iron homeostases have been linked to
acute neuronal injury following ischemic stroke (Kondo et
al. 1995). Iron is suggested to induce neuronal injury by cat-
alyzing a sequence of Fenton’s Chemistry known as Haber-
Weiss reaction, in which superoxide and hydrogen peroxide
(H2O2) are converted into highly reactive toxic hydroxyl rad-
icals (OH·) (Kehrer 2000). Magnetic resonance imaging
(MRI) in children following severe ischemic-hypoxic insult
and subsequent resuscitation showed areas of increased iron
deposition in the basal ganglia, thalami, and periventricular
and subcortical white matter (Dietrich and Bradley 1988).
Results obtained frommammalian experimental research sup-
port a pathogenic relationship between iron and ischemic neu-
ronal injury (Kondo et al. 1995; Tuo et al. 2017). Iron chela-
tors (such as DFO) were shown to improve outcome after
ischemic stroke in mammals (Van Hoecke et al. 2005;
Hanson et al. 2009). In addition, brain iron elevation occurs
with normal human aging (Ayton et al. 2013), coinciding with
aging being the most significant risk factor for ischemic
stroke.

However, the mechanism of iron-related neurotoxicity in
ischemic stroke is yet to be investigated. The latest research
found that ironmay lead to neuronal death via ferroptosis in an
animal model of ischemic stroke (Tuo et al. 2017). Inhibitors
of ferroptosis, such as ferrostatin-1 and liproxstatin-1, acted to
protect from cerebral ischemic injury in a mouse model (Tuo
et al. 2017). There have been studies showing the level of
GSH was markedly reduced and lipid peroxidation increased
in a mouse model of ischemic brain stroke (Ahmad et al.
2014), and GSH-Px activity decreased significantly in PC12
cells during oxygen-glucose deprivation (OGD) (Liu et al.
2017). LOX-mediated generation of lipid hydroperoxides
has been suggested to be involved in ferroptosis (Li et al.
2018), and has been shown to be increased in stroke
(Yigitkanli et al. 2013). In line with these findings, several
LOX inhibitors have been found to reduce infarct size in is-
chemic stroke (Yigitkanli et al. 2013; Tuo et al. 2017).

Although less common, hemorrhagic stroke is a disease
with high fatality and morbidity. And similar to ischemic
stroke, no effective therapies are available for hemorrhagic
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stroke. The adverse consequences of intracerebral hemorrhage
(ICH) are mainly due to irreversible damage to neurons
caused by primary and secondary injuries respectively.
Among them, the occurrence of secondary injury is mainly
due to hemoglobin and its oxidized product hemin from lysed
erythrocyte. Clinical studies found that serum ferritin, an iron
storage protein, was upregulated after ICH and was indepen-
dently associated with severe brain edema and poor prognosis
following ICH; the higher the serum ferritin levels, the poorer
the outcome in patients with ICH (Mehdiratta et al. 2008;
Perez de la Ossa et al. 2010).

Researchers found that cell death found in hemorrhagic
stroke shares features of ferroptosis: (1) shrunken mitochon-
dria, and (2) ferroptosis inhibitors can eliminate hemoglobin-
induced cell death by inhibit ing hemin toxici ty.
Intraventricular injection of Fer-1 in the ICH model signifi-
cantly reduced ROS concentration and protected neurons
from degeneration and reduced lesion volume. Fer-1 also sup-
pressed expression of COX-2, which is over expressed in
neurons after ICH. (3) Hemorrhagic stroke in vitro or in vivo
shows molecular features of ferroptosis (Li et al. 2017). After
4 h of hemin treatment in vitro, researchers found increasing
phospho-ERK1/2 that was involved in the activation of
mitogen-activated protein (MAP) kinase signaling, which is
crucial in erastin-induced ferroptosis in tumor cells carrying
oncogenic Ras. As expected, phospho-ERK1/2 was also in-
creased significantly after ICH in rats. Besides, four genes in
tumor cells induced by ferroptosis (IREB2, ATP5G3, CS,
RPLl8) were also induced in ICH mice (Li et al. 2017).
These results suggest that ferroptosis is involved in the sec-
ondary injury process of ICH.

Ferroptosis inhibitors, especially DFO and N-
acetylcysteine, provide obvious functional recovery in several
models of ICH. Apart from ferroptosis inhibitors, abrogating
the increase in RIP1 and RIP3 gene expression and phospho-
RIP1 is a new research direction which is based on hypothesis
that ferroptosis may induce an affector phase of death, leading
to a necroptotic effector phase (Zille et al. 2017). In fact, the
effect of combination therapy is better than that of ferroptosis
inhibitor alone (Zille et al. 2017). These new findings provide
new ideas for the treatment of hemorrhagic stroke.

Periventricular Leukomalacia

Periventricular leukomalacia (PVL) is the leading cause of
neurological disabilities including motor and cognitive defi-
cits in premature infants (Ceschin et al. 2015). The main path-
ological changes in PVL are generation of free radicals and
white matter damage (Welin et al. 2007). Mechanistically,
progenitor oligodendrocytes (OLs) were damaged in PVL,
suppressing myelination and neuronal signaling, which result-
ed in white matter rarefaction and ultimately cerebral palsy
and cognitive impairment (Brault et al. 2004). The causes of

inherent vulnerability in progenitor OLs may include activa-
tion of glutamate receptors and cellular iron content, which
indicate the potential role of ferroptosis. On the basis of MRI
examinations in neonates and infants with perinatal asphyxia,
results showed iron deposition in thalamus and basal ganglia
in neonates and infants with severe perinatal asphyxia
(Baenziger et al. 1993). In addition, elevated lipid ROS bio-
markers were found at autopsy in children with PVL (Skouta
et al. 2014). Analysis of patients’ cerebrospinal fluid sug-
gested that there was an abundance of lipid peroxides such
as 8-isoprostane and malondialdehyde (MDA). Ferroptosis
inhibitor Fer-1 at 100 nM concentration completely protected
OLs from cystine-free conditions which ultimately deplete
glutathione (Skouta et al. 2014). Vitamin E, also a natural
ferroptosis inhibitor, can prevent cell death induced by gluta-
thione deletion in rat OL cultures (Yang et al. 2016). However,
PVL rats exhibited reduced plasma and tissue GSH (Izzet et
al. 2005).

Concluding Remarks

Neurological disorders, especially neurodegenerative disor-
ders, impose a great burden on patients, patients’ families,
and society. As summarized here, the discovery of ferroptosis
and the follow-up studies on its potential involvement in dis-
eases provide not only mechanistic insights into the neuronal
loss, but also trackable targets for the diseases. With a signif-
icant proportion of details still to investigate, we have now
begun to understand the molecular pathways involved in
ferroptosis and to discover its inhibitors, and hopefully in
the near future we would have drug candidates for testing in
neurological disorders.
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